The herbicides alachlor and maleic hydrazide were evaluated for genotoxicity in peripheral blood human lymphocyte cultures. Sister-chromatid exchanges (SCE), chromosome aberrations (CA) and micronuclei (MN) were scored as genetic endpoints. To detect possible metabolic modifications in the genotoxicity of both herbicides, the cultures for SCE and MN demonstration were also treated with S9 fraction. From our results we conclude that, in the absence of metabolic activation, the two herbicides induce significant increases in the frequency of SCE, although the concentrations needed to be effective are very different Thus, alachlor gave positive results at concentrations ranging from 1 Hg/ml, and maleic hydrazide at concentrations ranging from 100 |ig/ml. In addition, alachlor appears to be clastogenic in both the CA and MN assays, but only at the highest concentration tested (20 |ig/ml). The co-treatment with the S9 fraction produced a slight decrease in the induction of SCE with both herbicides; nevertheless, it does not seem to affect the response in the MN assay.
Introduction
Because large amounts of pesticides are released into the environment daily, they may represent a potential hazard to the human genetic material. Many reports have shown that several commonly used pesticides have genotoxic properties (Tezuka et al, 1980; Waters et al, 1982; Garrett et al, 1986; Sinha, 1989) . Furthermore, human exposure to agricultural chemicals has been related to an increase in cancer incidence (Saftlas et al, 1987; Brown et al, 1990) .
Herbicides are chemicals widely used to destroy unwanted plants. They play an important role in modern agricultural practices and are used in large amounts. The widespread use of these chemicals and their potential genetic hazard suggests that the evaluation of their genotoxicity should be extended using the different assays available.
Alachlor is an organochlorine herbicide that contains a molecule belonging to the a-haloacetanilide series which has been shown to inhibit germination of weeds at a very early stage (De Marco et ai, 1990) . With reference to its genotoxic potential, Shirasu et al. (1982) reported no mutagenicity in Bacillus subtilis and Salmonella typhimurium, with and without metabolic activation. In Saccharomyces cerevisiae, alachlor induced significant increases in gene conversion (Plewa et al., 1984) ; in Vicia faba the frequency of micronuclei increased significantly in root tips cells (De Marco et al., 1988) ; and in Drosophila melanogaster, it induced somatic mutation and recombination in the wing cells (Torres et al., 1992) . In mammals, alachlor induced chromosome aberrations (CA) in bone marrow cells of Wistar rats treated in vivo (Georgian et al., 1983) and in cultured Chinese hamster ovary (CHO) cells (Lin et al, 1987) . In humans, alachlor has been found to cause chromosome damage in lymphocytes exposed in vitro to concentrations of 2 p,g/ml or more (Georgian et al, 1983) , and recently Meisner et al (1992) reported that 1 ng/ml induces significant increases in chromatid-type breaks in cultures set up from concentrated white cells. In addition, alachlor has been reported to be carcinogenic, inducing lung tumours in mice, and stomach, thyroid and nasal turbinate tumours in rats (Lin et al, 1987; Marcus, 1987) .
Maleic hydrazide is a pyridazine which inhibits the synthesis of nucleic acids and proteins (De Marco et al, 1992) . It is a well-known clastogenic agent in plants (Swietlinska and Zuk, 1978) that induces CA and sister-chromatid exchanges (SCE) in root-tip cells of V.faba (Evans and Scott, 1964; Kihlman, 1975) . Nevertheless, its genotoxicity in animal cells is conflicting since no induction of SCE was obtained in human diploid fibroblasts in vitro (Yang et al., 1981) or in bone marrow cells of in vivo treated mice (Meschini et al, 1988) , but a positive induction of SCE and chromosome aberrations was obtained in CHO cells grown in vitro (Meschini et al, 1988) . With respect to the carcinogenic potential of maleic hydrazide, a long term study has been carried out in C57BL/6 mice, with no significant increase in the incidence of b'ver tumours (Cabral and Ponomarkov, 1982) .
The extensive use of herbicides in agriculture and their potential carcinogenicity strongly suggest the need to extend the genotoxic evaluation of these compounds by using different assays. Here we report a complete genotoxic evaluation of the herbicides alachlor and maleic hydrazide in peripheral blood lymphocytes. Alachlor was selected because it is currently used in large amounts and more information concerning its genotoxicity is needed. Maleic hydrazide has been shown to be a potent clastogen in plants, although the results obtained in animals are not conclusive.
Cultures treated with herbicides with and without metabolic activation have been performed, and their ability to induce different types of relevant genetic damage when assayed by the SCE, CA and micronuclei (MN) tests has been analyzed. Although several data on CA induction have been reported previously, there is a lack of information concerning the ability of the two selected herbicides to induce SCE and MN.
Materials and methods

Chemicals
Alachlor [2-cMoro-2',6'-diethyl-A^methoxymethyl) acetanilide; CAS no. 15972-60-8, 99.4% purity] was purchased from Dr Ehrenstorfer, GmbH (Augsburg, Germany). Maleic hydrazide (l,2-dihidro-3,6-pyridazine<iione; CAS no. 123-33-1, 100% purity), ethyl methanesulphonate (EMS; CAS no. 62-50-0), cyclophosphamide (CP; CAS no. 6055-19-2) and mitomycin C (MMC; CAS no. 50-07-7) were obtained from Sigma Chemical Co. (St Louis, G. Ribas et al MO) . S9 animal fraction was from Iffa Credo (L'Arbresle, France) and the different cofactors used to obtain the S9 mix, such as glucose-6-phosphate and NADP, were from Sigma.
Maleic hydrazide and alachlor were dissolved in dimethyl sulphoxide (DMSO, Panreac, Barcelona, Spain) to give a final volume in the culture medium of 1% of the total. The other chemicals were dissolved in bidistilled water to the concentrations used just prior to treatment.
The top doses of alachlor and maleic hydrazide were chosen by taking into account the maximum solubility in DMSO, the pH variation, the cell survival and the general toxicity found in this and previous experiments conducted in our laboratory.
Three different positive controls (MMC, EMS and CP) were chosen because of their clear response in the different assays.
Lymphocyte cultures
Lymphocyte cultures were set up by adding 0.5 ml of heparinized whole blood to 4.5 ml of RPMI 1640 chromosome medium supplemented with 16% heat-inactivated fetal calf serum, antibiotics (penicillin and streptomycin) and glutamine (all obtained from Gibco, Eragny, France). Lymphocytes were stimulated by 4% phytohemagglutinin (PHA; Gibco). For each genetic endpoint, blood from two different healthy non-smoking donors was used.
To demonstrate SCE, the cultures were incubated at 37°C for 72 h and 5-bromodeoxyuridine (BrdU) at 15 Hg/ml was added 24 h after the initiation of cultures. The test compounds were added together with the BrdU. All cultures were maintained in total darkness throughout to minimize photolysis of BrdU.
For CA the cultures were incubated for 54 h at 37°C, and the treatment with the chemicals was given 24 h after the initiation of cultures.
For the MN study the cultures were incubated at 37°C for 72 h and, 44 h from the start, cytochalasin-B (Cyt-B) at a final concentration of 6 Hg/ml was added to arrest cytokinesis. This concentration of Cyt-B was selected because it gives a higher percentage of binucleated cells and a lower baseline MN frequency (Surralles et al., 1992) . The test chemicals were added 24 h after PHA stimulation.
In the three assays the treatment continued up to harvest and, for CA and SCE, at 2 h prior to harvesting, 0.6 |ig/ml of Colcemid (Gibco) was added to arrest the cells at metaphase. None of the treatments produced significant pH changes in the culture medium with the exception of the highest concentration of maleic hydrazide tested (1000 (ig/ml), which reduced the pH value from 7.47 to 7.07. Higher concentrations were not assayed to avoid false positive responses due to acidity, as reported by Morita et al. (1992) . In addition, it must be pointed out that 1000 |lg/ml of maleic hydrazide is at the limit of solubility.
The cultures treated for 2 h with S9 mix (4 ml of chromosome medium with 0.5 ml of S9) and those without S9 mix were set up without heat inactivated fetal calf serum. After the treatment, cultures were washed twice with PBS and reconstituted in the same way as those cultures treated for 48 h.
The cells were collected by centrifugation and, for CA and SCE, resuspended in a pre-warmed hypotonic solution (0.075 M KC1) for 20 min and fixed in acetic acid:methanol (1:3 vol/vol). For MN, the cells were washed once in RPMI 1640 medium and then a mild hypotonic treatment (2-3 min in 0.075 M KC1 at room temperature) was carried out. The cells were then centrifuged and a methanol/acetic acid (5:1) solution was gently added. This fixation step was repeated twice and the resulting cells were resuspended in a small volume of fixative solution (Surralles et al., 1992) . Air-dried preparations were made and the slides were stained with 10% Giemsa in phosphate buffer for 10 (CA) or 20 min (MN), or with fluorescence plus Giemsa (SCE) (Perry and Wolff, 1974) .
CA, SCE and MN analysis
A total of 100 well spread metaphases in the CA assays, 50 in the SCE assays and 1000 binucleated cells with well preserved cytoplasm in the MN assay were examined, when possible, for each experimental concentration and donor on coded slides by a 'blind' study.
In the CA studies, aberrations such as gaps (achromatid lesions without dislocations in the chromatid) and breaks (lesions with some distortion in the continuity of the chromatid) were considered. In addition, fragments and exchanges were also scored.
In the SCE study, 100 metaphases per point were also scored to determine the proportion of cells that undergo one, two and three or more divisions. The proliferative rate index (PRI) was calculated according to the formula PR] = (Ml + 2M2 + 3M3)W, where Ml, M2 and M3 indicate those metaphases corresponding to first, second and third or subsequent divisions and N the total number of metaphases scored (Lamberti et aL, 1983) .
In the MN study, a minimum of 500 lymphocytes were scored to evaluate the percentage of cells with 1, 2, 3, 4 or >4 nuclei. A cytokinesis block proliferation index (CBPI) was calculated according to Surralles et al. (1995a) as follows: CBPI = Ml + 2MH + 3 (MID + MrvyjV, where MI-MIV represent the number of cells with one to four nuclei, respectively, and N is the total number of cells scored.
For the statistical evaluation of the results, we used Fisher's exact test for CA and micronucleated cells, the x 2 test for PRI and CBPI, and the /-test for SCE. Tables I and II show the frequencies of SCE and the PRI  values obtained after treatment with alachlor, while Tables HI  and IV show the results obtained after treatment with maleic hydrazide. In each table, the data obtained from the different experimental conditions are shown: treatments lasting 48 h without microsomal fraction, and treatments for 2 h without and with a microsomal fraction, respectively. The positive controls used were MMC (0.2 pM) in the experiments without microsomal activation and CP (3 pM) in the experiments with an external source of metabolic activation.
Results
Alachlor treatments lasting for 48 h appear to induce a highly significant dose-related increase in SCE frequency in cultures set up with blood from two different donors (r = 0.95 for donor A and r = 0.99 for donor B; both with P < 0.001). This genotoxic activity appears not to be correlated with its cytotoxicity, measured as cell cycle delay, since although at the highest concentration tested (20 ng/ml), a high reduction in cell proliferation was observed in both experiments, the results obtained with the other concentrations did not show a dose-related response, attaining statistical significance only in one donor. Treatments with alachlor for 2 h showed a similar response to that for 48 h. Thus, although induction of SCE at 2 h was lower than at 48 h, there is a clear and significant induction of SCE and a good dose-response correlation. Unlike the experiment with 48 h treatment, there was no indication of cytotoxicity in the cultures treated for 2 h, probably due to the short time of exposure to the herbicide. The cultures treated for 2 h with alachlor in the presence of S9 fraction showed no reduction in cell proliferation, but a significant increase of SCE was observed in both donors at the highest concentration tested. From our results it appears that the ability of alachlor to induce SCE decreases in the treatments with S9.
The data obtained with maleic hydrazide (Tables III and  IV) show that this herbicide is also able to induce a significant dose-related increase in SCE frequency (r = 0.99 for donor A and 0.98 for donor B; both with P < 0.001). The cytotoxicity of this compound is similar to that of alachlor, leading to a clear decrease in PRI at the highest concentration tested (1000 (ig/ml), the other concentrations being toxic only in one donor. Nevertheless, it must be pointed out that maleic hydrazide is less toxic to human lymphocyte cultures than alachlor and, as a consequence, we have been able to test concentrations 50 times higher.
Maleic hydrazide after 2 h of treatment without S9 fraction gave a weaker response than after 48 h, attaining a positive increase in the SCE level only in the cultures from one donor. S9 treatments did not produce any significant increase in the gaps; c, C: breaks; c/c, C/C: exchanges; T: total breaks without gaps. We calculated the total of aberrations by assuming that one exchange implies two breaks. 100 metaphases were scored for each concentration except "only 26 metaphases scored. "P *£ 0.05; **/» « 0.01; """P « 0.001 (Fisher's exact test). frequency of SCE. Although no cytotoxicity was detected after treatments for 2 h, no higher concentrations of maleic hydrazide were tested because 1000 Jig/ml is the solubility limit when DMSO is used as solvent. The clastogenic activity of alachlor is presented in Table V . The analysis of these data reveals that, for both donors, the highest concentration tested (20 |ig/ml) induced significant increases in the total frequency of aberrations and also in the number of cells presenting at least one aberration, the total increase observed being due to the induction of chromatid type aberrations.
The results corresponding to the induction of chromosome structural aberrations after treatment with maleic hydrazide are shown in Table VI . These data do not reveal significant clastogenic effects of this herbicide, because only a slight increase in the amount of CA was detected in one donor at the highest concentration tested (1000 ng/ml).
The ability of alachlor to induce micronuclei in cytokinesis 224 blocked cells is reflected in Tables VII and VIII. In the treatments lasting for 48 h, cultures from donor A showed a dose-related increase that attained statistical significance at the highest concentration tested (20 |ig/ml), similarly to the results found for CA. In the cultures from donor B this concentration was toxic, although significant increases in the micronuclei frequency were obtained at 1 and 10 |i.g/ml. The CBPI shows a dose-related decrease in both donors. The treatment with alachlor for 2 h induced slight increases in the frequency of BNMN but without attaining statistical significance. The addition of the S9 fraction induced a positive response at the highest dose in only one donor, while in the other donor this dose appeared to be toxic.
Finally , Tables IX and X show the results obtained with maleic hydrazide in the MN assay, revealing a lack of effect in this test; moreover, the CBPI value was not affected by the treatments with this herbicide, at least under our testing conditions. 
Discussion
Our data indicate that the SCE assay has been sensitive enough in the detection of the genotoxic activity of the two herbicides tested. Thus, a clear positive response was obtained for both alachlor and maleic hydrazide. These data support the view of many authors who have indicated the high sensitivity of the SCE assay in genotoxicity testing (WHO, 1985; Carrano and Natarajan, 1988) . Furthermore, from our results with the CA and MN assays, alachlor appears to be able to exert clastogenic effects in human lymphocytes. In addition, our negative results obtained with maleic hydrazide indicate that, contrary to its already proved clastogenicity in plants, this herbicide does not seem to be clastogenic in human lymphocytes, at least under the conditions of our study. From our results it seems evident that the ability of the CA assay to determine the clastogenicity of alachlor and maleic hydrazide is similar to that shown by the MN assay. Thus, the MN test, after the improvement introduced by Fenech and Morley (1985) in using cytochalasin B to arrest cytokinesis and discriminate between undivided cells and those who undergo one or more divisions, appears to be sensitive enough to detect both clastogenicity and aneuploidy.
With reference to the genotoxicity of alachlor, it must be recalled that previous studies from different authors using several assay systems have obtained both positive and negative results. Thus, in S.typhimurium this herbicide gave negative results with and without S9 metabolic activation (Andersen et al., 1972; Eisenbeis et al., 1981; Shirasu et al., 1982) . Nevertheless, Plewa et al. (1984) obtained a positive response after bioactivation using a vegetal microsome fraction, sug- gesting the existence of mutagenic metabolites. This suggestion agrees with the genotoxicity shown by alachlor in plant systems as Zea mays (Plewa, 1978) , Nostoc muscorum (Singh et al, 1979) and the root-tips of V.faba (De Marco et al, 1990) . Alachlor has also proved to be genotoxic in animal systems such as D.melanogaster, in a test detecting somatic mutation and/or recombination (Torres et al., 1992) , and in mammalian cell cultures, indicating that alachlor itself can be a genotoxic compound or that Drosophila or the cultured cells are able to transform alachlor into genotoxic metabolites. In this context, our results clearly show that the genotoxicity of alachlor does not require metabolic transformation. Clastogenicity of alachlor in mammals has been reported in CHO cells (Lin et al., 1987) , in bone marrow cells of rats treated in vitro and in 72 h human lymphocyte cultures (Georgian et al., 1983) . The clastogenicity of alachlor in human cells has also been recently proved by SurrallSs et al. (1995b) using the MN test and fluorescence in situ hybridization techniques, showing that induced MN mainly contain acentric fragments, which indicates that alachlor acts as a pure clastogen without aneugenic activity. As previously reported, maleic hydrazide is an effective clastogen in plant cells (Swietlinska and Zuk, 1978) , inducing high frequencies of chromosome aberrations in V.faba (Evans and Scott, 1964; De Marco et al., 1988) and SCE in meristematic cells of Allium cepa (Gonzalez-Gil and Navarrete, 1986) . This apparent specificity has suggested to many authors the existence of potent mutagenic metabolites after the bioactivation by the enzymatic systems of plants. Nevertheless, Nasrat (1965) obtained a positive response in the sex-linked recessive lethals test in D.melanogaster and, more recently, Torres et al. (1992) have shown, in the same organism, that maleic hydrazide is a potent inducer of somatic mutation and recombination. These data would contradict the previous hypothesis of the existence of specific mutagenic metabolites induced by plants, or would suggest common metabolic routes in plants and Drosophila.
In mammalian cells, maleic hydrazide was reported as a compound unable to induce CA in CL-1 cells of Chinese hamster (Kihlman et al., 1973) , or CA and SCE in CHO cells (Perry and Evans, 1975) . Takehisa and Kanaya (1983) have since shown that, after animal metabolic activation, maleic hydrazide induced significant increases in the frequency of SCE in CHO cells, suggesting that animal metabolism was also able to produce genotoxic metabolites in the biotransformation of maleic hydrazide; whilst Meschini et al. (1988) have not shown significant increases in the SCE frequency of bone marrow cells of mouse treated in vitro. Nevertheless, our results from the SCE assay seem to indicate that maleic hydrazide does not require metabolic activation to be genotoxic.
As far as the clastogenic ability of maleic hydrazide in human cells is concerned, we have recently shown that this herbicide induces high frequencies of DNA breakage, measured with the comet assay, without metabolic requirement, but this clastogenic activity is only shown under a low pH (Ribas et al, 1995) . This close dependence of the medium condition, also shown in plants and in mammalian cells (Kihlman, 1956; Meschini et al, 1988) , could perhaps explain the apparent contradictory results reported in the studies conducted to evaluate the genotoxicity of maleic hydrazide.
In summary, we conclude that our results confirm that both herbicides, alachlor and maleic hydrazide, are genotoxic in cultured human lymphocytes treated in vitro and that the SCE assay seems to be very sensitive in detecting this genotoxicity.
